(Received 16 November 2016; accepted 31 January 2017; published online 13 February 2017) This work investigates the physics and polarization characteristics of 298 nm AlN-delta-GaN quantum well (QW) ultraviolet (UV) light-emitting diodes (LEDs). The physics analysis shows that the use of the AlN-delta-GaN QW structure can ensure dominant conduction band (C) to heavy-hole (HH) subband transition and significantly improve the electron and top HH subband wave function overlap. As a result, up to 30-times enhancement in the transverse-electric (TE)-polarized spontaneous emission rate of the proposed structure can be obtained as compared to a conventional AlGaN QW structure. The polarization properties of molecular beam epitaxy-grown AlN/GaN QW-like UV LEDs, which consist of 3-4 monolayer (QW-like) delta-GaN layers sandwiched by 2.5-nm AlN sub-QW layers, are investigated in this study. The polarization-dependent electroluminescence measurement results are consistent with the theoretical analysis. Specifically, the TE-polarized emission intensity is measured to be much larger than the transverse-magnetic emission, indicating significant potential for our proposed QW structure for high-efficiency TE-polarized mid-UV LEDs. Published by AIP Publishing. Semiconductor ultraviolet (UV) light-emitting diodes (LEDs) and laser diodes (LDs) as potential substitutes for traditional bulky mercury lamps and excimer lasers have attracted substantial interests for numerous applications such as water purification, free space communication, and optical storage.
1-4 Because of their compact size, robust material properties, and long lifetimes, semiconductor UV LEDs could unlock many applications such as UV point sources and highly sensitive UV detectors. Conventionally, AlGaN quantum well (QW) structures are widely utilized as active regions for mid-and deep-UV LEDs. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Nevertheless, the external quantum efficiencies (g EQE ) of AlGaN-based UV LEDs still remain less than 10% for wavelength (k) < 300 nm till recently. [4] [5] [6] [7] [8] [9] This extremely low g EQE can mainly be attributed to the material challenges including high dislocation densities (10 10 cm À2 in AlN and AlGaN layers) 10, 11 and relatively low electrical conductivity in p-and n-type AlGaN cladding layers, [12] [13] [14] [15] [16] [17] as well as the physics challenges such as a severe valence band-mixing effect in conventional AlGaN QW structures. [18] [19] [20] [21] [22] Specifically, previous studies revealed that the crystalfield split-off (CH) subband is dominant in the valence band for high Al-content (>68%) AlGaN QWs, which results in dominant transverse-magnetic (TM)-polarized emission at k $ 220-230 nm. 18 However, with the decrease in the Al-content, the heavy hole (HH) subband gradually moves toward the highest energy level in the valence band and causes the corresponding transition from the conduction band to the heavy hole subband (C-HH) to mix with C-light hole (LH) and C-CH transitions at k $250-300 nm. Consequently, a higher TE-polarized spontaneous emission rate than that of the TM-polarized component is obtained. But both TE-and TM-polarized components have relatively low values in this wavelength regime due to two reasons: (1) the three degenerate valence subbands are closely separated, and thus there is insufficient carrier population in the top HH subband and (2) there is a large spatial separation between the electron and HH wavefunctions, which leads to a small wavefunction overlap. Therefore, it is challenging to realize high-efficiency and high-power mid-UV emitters based on conventional AlGaN QW structures.
To enhance the TE-polarized emission of UV LEDs at k $ 250-300 nm, an active region design with the AlGaNdelta-GaN QW has been proposed previously to substitute the conventional AlGaN-based QW structures. 23 From the theoretical analysis in this previous work, the advantages of inserting the delta-GaN layer in the active region are twofold: (1) the insertion of the GaN layer into the high Al-content AlGaN QW could introduce a strong valence band mixing effect that helps to flip the HH subband back to the highest energy level, which can lead to large TE-polarized emission at k $ 250-300 nm; (2) the thin GaN layer could strongly localize the electron and hole wave functions toward the QW center that leads to significantly improved electron-hole wave function overlap. Nonetheless, considering the epitaxy challenges of growing the AlGaN-delta-GaN QW active region on the AlN substrate, an alternative approach would be the use of an AlN sub-QW layer in replacing the high Al-content AlGaN sub-QW in the AlGaN-delta-GaN QW structure for a much straightforward epitaxy growth (Figure 1(a) ). Recent experimental works have reported mid-and deep-UV emission by AlN/GaN superlattices 24 and AlN/GaN quantum dots (QDs). [14] [15] [16] [17] However, the exploration of the underlying physics and polarization-dependent optical properties of such an active region, which are essential for improving the performance of such UV emitters, is still relatively lacking.
Therefore, this work investigates the physics and optical properties of AlN-delta-GaN QW structures emitting at 298 nm by employing band structure calculations and polarization-dependent electroluminescence (EL) measurements. Specifically, the band structure and wave function calculations in this study are based on the 6-band kÁp model, taking into account the self-consistency, strain effect, polarization electric field, and carrier screening effects. 23, [25] [26] [27] [28] All the material parameters are taken from Ref. 28 . Polarizationdependent EL measurements were performed on the molecular beam epitaxy (MBE)-grown AlN/GaN QW-like UV LEDs. The MBE growth details of the AlN/GaN QWlike active region can be found from Refs. 14-16. From our physics analysis, the insertion of the delta-GaN layer into the AlN sub-QW region could strongly localize the electron and HH wave functions toward the center of the QW, resulting in 30-times enhancement in the TE-polarized spontaneous emission rate at 298 nm as compared to the use of the conventional Al 0.35 Ga 0.65 N QW. The EL measurements on an AlN/GaN QW-like UV LED with 3-4 monolayers (MLs) GaN on the AlN/sapphire substrate showed dominant TEpolarized emission for the proposed structure, which again verified our theoretical prediction.
As discussed earlier, Figure 1(a) illustrates the AlNdelta-GaN QW structure with a 2 nm AlN sub-QW region with a 11-Å delta-GaN layer inserted between AlN barriers, which is similar to the MBE-grown AlN/GaN QW-like LED structure. Note that for the AlGaN-delta-GaN QW design, a large Al-content is required to achieve large TE-polarized emission at UV wavelengths. Thus, here we propose to use AlN to serve as the sub-QW region instead of the AlGaN sub-QWs. The design of the proposed AlN-delta-GaN QW structure shows two advantages: (1) the insertion of the delta-GaN structure is to localize the electron and hole wave functions toward the delta-QW center, which ensures a large TE-polarized spontaneous emission rate based on Fermi's golden rule; (2) the use of the AlN-delta-GaN QW together with AlN barriers is a more straightforward process for MBE epitaxy growth as compared to the AlGaN-delta-GaN QW.
Figure 1(b) plots the energy band lineup profiles and wave function of the ground state conduction subband (C1) and the topmost valence subband wave function (HH1) at zone center for the proposed AlN-delta-GaN QW structure. Thus, a dominant TE-polarized spontaneous emission would be expected from this dominant C-HH transition. Note that the delta-GaN that is inserted into the AlN sub-QW region serves as a delta layer instead of a GaN single QW, as the wavefunctions are extended into all the three sub-QW layers as shown in Figure 1(b) . As a comparison with similar wavelength, the band structure and wave functions for the conventional 30-Å Al 0.35 Ga 0.65 N QW are also shown in Figure 1(c) . The Al-content is selected to achieve similar emission wavelength with the proposed structure for carrier density (n) of 5 Â 10 18 cm À3 at 300 K. For the conventional Al 0.35 Ga 0.65 N QW, large separation between electron and hole wave functions is observed due to the large internal electrostatic field, which results in a very low electron-hole wave function overlap (C e_hh ¼ 13.94%). In contrast, the electron-hole wave function overlap is significantly improved to C e_hh ¼ 74.83% by the use of AlN-delta-GaN, attributed to the introduction of the delta-GaN layer, which introduces local minima to the QW center. Consequently, a large spontaneous emission rate can be expected for the AlN-deltaGaN QW structure.
The corresponding calculated spontaneous emission spectra for the AlN-delta-GaN QW are plotted in Figure 2 (a) with n ¼ 5 Â 10 18 cm À3 at 300 K for both TE-and TMpolarizations. As a result, a large TE-polarized spontaneous emission rate is observed with an emission wavelength of 298 nm for the proposed QW structure due to the dominant C-HH transition. Note that the peak emission wavelength can be tuned by adjusting the delta-GaN thickness. Specifically, the use of thicker delta-GaN layers will lead to longer peak emission wavelengths, similar to the finding from Ref. 23 . . For the conventional Al 0.35 Ga 0.65 N QW, a significantly lower TE-polarized spontaneous emission rate is predicted because of the much smaller electron-hole wave function overlap. In contrast, the insertion of delta-GaN in the AlN-delta-GaN QW results in a significant improvement of electron and hole wave function overlap and sequentially leads to the increase in the TEpolarized spontaneous emission rate up to 30 times as compared to that of the conventional Al 0.35 Ga 0.65 N QW, which again demonstrates that the use of the AlN-delta-GaN QW is promising for the mid-UV regime.
To confirm the polarization properties of the proposed AlN-delta-GaN QW structure, polarization-dependent electroluminescence (EL) measurements were employed in this study to characterize an AlN/GaN QW-like UV LED as indicated in Fig. 3 . The LED sample was grown by plasmaassisted MBE on an AlN template on a sapphire substrate with a dislocation density of $1 Â 10 10 cm À2 . For the active region, an 8-period AlN/GaN QW-like heterostructure was grown and sandwiched between Mg:Al 0.5 Ga 0.5 N and Si:Al 0.77 Ga 0.23 N cladding layers to have optimal tunnel injection of carriers. [14] [15] [16] More details of the epitaxial growth method and device fabrication can be found in Refs. 14-16. The schematic of the AlN/GaN QW-like structure and crosssectional transmission electron microscopy (TEM) image of the active region are shown in Figure 3 . By precise MBE growth control, the thickness of the delta-GaN layer is achieved to be 3-4 monolayers (MLs), while the thickness of the AlN sub-QW layers is $2.5 nm.
The unpolarized EL spectra and integrated EL intensities were first measured for the AlN-delta-GaN QW LED. The inset of Figure 4 plots the EL spectra of the AlN-deltaGaN QW LED at different injected current densities (j ¼ 2-23 A/cm 2 ). The EL spectra can be further deconvoluted into two independent peaks centered at 298 nm and 308 nm, corresponding to $2-4 ML delta-GaN thicknesses, respectively. Note that with increased current density, the 298-nm peak becomes more significant, as compared to the peak centered at 308 nm. The broad luminescence spectrum around 300 nm is attributed to the 3 . Schematic diagram of the polarization-dependent EL measurement setup and cross-sectional TEM image of the AlN/GaN QW-like structure, the h stands for the angle between c-axis and collecting fiber. The polarizer is held on a rotational stage to achieve the intensity in y-z plane (I // ) and the intensity along x direction (I ? ).
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delta-GaN thickness fluctuation within the range of $2-4
MLs during the MBE growths, which can be seen from the TEM image in Figure 3 . The integrated EL intensities as a function of current injection level are plotted in Figure 4 , exhibiting an increasing trend with the increase of carrier injection levels. The polarization characteristics of the AlN-delta-GaN QW-like UV LED were investigated at room temperature under pulsed current injection with a frequency of 10 kHz and a duty cycle of 5%. The emitted photons are filtered with a Glan-Taylor polarizer and collected by an optical fiber spectrometer. The schematic illustration of polarizationdependent EL measurement setup is shown in Figure 3 . Specifically, the LED sample is fixed on a stationary stage while the polarizer and optical fiber are rotated about the x-axis with h representing the angle between the c-axis and the collecting fiber. The polarizer can also be rotated about the light emitting direction to resolve the E == (electric field in y-z plane) and E ? (electric field along x-axis). At a particular angle, the corresponding intensities I == and I ? , which are not sole TE and TM components, can be expressed as 2,29,30
where I TM is the intensity of TM-polarized emission and I TEx and I TEy represent the intensities of TE-polarized emission along x and y directions, respectively. Note that there is no anisotropic emission in the x-y plane; therefore, I TEx and I TEy are identical. For h ¼ 90 , the measured I == (E // c) and I ? (E ? c) are identified as TM and TE modes and hence several research groups utilize edge emitted EL measurement to study device polarization properties.
In Figure 2 has demonstrated that the dominant TE-polarized emission is attributed to the prevailing C-HH transition and the significant improvement of the electron-HH wave function overlap (C e_hh ¼ 74.83%) caused by the insertion of the delta-GaN layer. It is also interesting to note that the larger TM component has been measured with a larger angle (at h ¼ 45 ), which is related to the extraction mechanism of the TMpolarized emission. Therefore, the polarization-dependent measurements of the AlN-delta-GaN QW-like UV LED have confirmed the theoretical prediction and proved the great potential of such a QW structure for high efficiency TEpolarized mid-UV LED application.
As a summary, the physics and polarization properties of photon emission from the proposed AlN-delta-GaN QW were investigated in this study. The use of the delta-GaN layer could strongly improve the electron-hole wave function overlap to 74.83%, which leads to a 30-times enhancement in the TE-polarized spontaneous emission rate as compared to the conventional Al 0.35 Ga 0.65 N QW at 298 nm as predicted from the physics model. Polarization-dependent EL measurements were employed in this study to analyze an MBEgrown AlN/GaN QW-like LED, which consists of 3-4 monolayers GaN sandwiched by 2.5-nm AlN sub-QW layers. Note that the g EQE of the AlN-delta-GaN QW LED can be further improved by enhancing the injection efficiency of the device especially from the use of more conductive p-type AlGaN layers. The full width at half maximum (FWHM) from the EL spectra can be narrowed by optimizing the uniformity of the delta-GaN layer, which can be engineered by the MBE growth parameters. In conclusion, the polarization study confirms the dominant TE-polarized emission with different angles, which indicate the great potential for the AlN-delta-GaN QW structure to serve as a promising candidate for high-efficiency mid-UV emitters.
